A series of gold nanoparticles functionalised with TEMPO-modified disulfide 2 have been prepared and studied by Electron Paramagnetic Resonance (EPR) spectroscopy, UV-Vis, TEM microscopy, Energy Dispersive X-ray analysis (EDX) and Thermogravimetric Analysis (TGA).
INTRODUCTION
Suparmolecular magnetic assemblies can be built using a range of different materials as scaffolds: functionalised polymers, 1,2 dendrimers 3-5 or metallic nanoparticles. In this work, we used gold nanoparticles as supports for organic radicals to study magnetic interactions. There are only a few reports on spin-labeled gold nanoparticles [6] [7] [8] [9] [10] [11] [12] [13] concerning the synthesis, mechanistic pathways, bioimaging and nanotherapeutic applications, catalysis etc. The dipole-dipole and exchange interactions between adjacent radicals adsorbed on the same nanoparticles have been explored. 7 However, a half-field transition signal has never been observed in the EPR spectra of these systems, and the study of magnetic interactions between radicals anchored onto a gold nanoparticle still remains a challenging goal. 13 To achieve this goal, it is necessary to obtain a high density of radicals on the nanoparticle surface. As the nanoparticle curvature decreases with increased particle size, larger particles are expected to show tighter packing of ligands.
Therefore, the synthesis of large nanoparticles with high coverage of spin labels is required.
Gold nanoparticles (Au NPs) have high stability, they are relatively easy to prepare and functionalize 14 and hence are promising building blocks for designing new materials. 15 They have many potential applications in gold nanomedicine, 15, 16 as biosensors, 16 in cancer therapy, 23 Since then, this procedure has been applied as the starting point in many experiments. For example, alkanethiol-protected Au NPs were used in a number of ligand exchange reactions to synthesize nanoparticles with various functionalities. 24 The spin-labeled gold nanoparticles prepared via the exchange reaction of ligands on the Au
NPs surface such as alkyl thiolates or phosphines, with TEMPO-substituted disulfide was first reported in 2002. 25 By controlling the stoichiometry of the ligand-exchange reaction it was possible to modulate the Au nanoparticles coverage of nitroxides. However, since disulfide ligands show poor reactivity in exchange reactions with thiol-protected nanoparticles, only a small number of spin-labeled ligands (<10) can be adsorbed on a nanoparticle in this way, preventing high coverage. 26 Uniform coating shells can only be formed when a large excess of the incoming ligand is used in the exchange reaction, 27 otherwise, an incomplete ligand exchange takes place and, as a result, randomly organized monolayers are formed. Au nanoparticles protected by weaker bound ligands such as phosphines or amines are much more prone to exchange and can be used to prepare higher coverage spin labelled particles. 26, 28 Monolayer protected gold nanoparticles synthesis usually results in the formation of small particles, 1-3 nm in diameter. In order to reduce the nanoparticle curvature, their diameter should be increased. A number of methods have been developed to tune the particle dimensions. 29 The most commonly used procedures involve two-phase synthesis and subsequent digestive ripening, 30 ,31 a seeding growth strategy 32, 33 or a combination of both approaches. 34, 35 Herein, we combine different methodologies and report three strategies for producing large nanoparticles, up to ca. 7 nm in diameter, with high coverage of a TEMPO-modified ligand. In these strategies, the exchange reaction is performed starting from thiol, phosphine and amineprotected Au nanoparticles and using disulfide-TEMPO modified ligand 2 as a spin-labeled ligand. The magnetic interactions between radicals anchored onto the surface of such nanoparticles have been explored by EPR.
MATERIALS AND MEASUREMENTS
Solvents and starting materials were purchased from Aldrich. The reactions and the column chromatography were monitored by TLC using aluminium plates covered with silica 60 F 254
Merck. Silica column chromatography was carried out using silica gel 60 (35-70 mesh). Spinlabeled Au nanoparticles were purified by gel permeation chromatography using Bio-Beads SX-1 (Bio-Rad) gel and dichloromethane or toluene as eluent. IR spectra were recorded in the attenuated total reflectance mode (ATR) in a Perkin Elmer Spectrum One Fourier transform spectrometer. UV-Vis measurements were performed using a UV-Vis-NIR Varian Cary 5000
Espectrophotometer. EPR spectra were obtained with an X-Band Bruker ESP 300E spectrometer equipped with a TE102 microwave cavity, a Bruker variable temperature unit, a field frequency lock system Bruker ER 033 M; line positions were determined with an NMR Gaussmeter Bruker ER 035 M. The modulation amplitude was kept well below the line width, and the microwave power was well below saturation. HR-TEM analyses were performed in the "Servei de n-Buthanethiol protected Au nanoparticles 1 were synthesized using Brust's method 23 with 1:1 thiol:Au ratio (reaction 1.1 of Scheme 1). Disulfide TEMPO-modified spin label 2 was synthesized following a procedure described previously. 26 The ligand exchange reaction between disulfide 2 and particles 1 was carried out overnight at 32 ºC, with 100:1 bis-nitroxide disulfide/Au ratio (reaction 1.2 of Scheme 1). The concentration of nanoparticles was calculated assuming a molecular formula Au 300 R 100 , where R is the alkanethiol ligand. 26 The obtained nanoparticles 3 were purified by gel permeation chromatography. observed, attributed to nearly uniform low coverage of isolated spin labels with no appreciable interactions between the radicals adsorbed on the same particle. The UV-Vis spectrum ( Figure   1b ) showed a very weak plasmon peak (shoulder at around 520 nm) indicating the formation of quite small nanoparticles. 36, 37 The shape and position of this band was in agreement with previously reported particles of ca. 2-nm diameter synthesized by the two-phase method. 23, 38 In fact, as determined by TEM microscopy, these gold nanoparticles had a diameter of 2.4 ± 0.6 nm (see the Supporting Information).
In order to increase the size and spin label coverage of the obtained nanoparticles, they were subjected to heat treatment in the solid state. 39 The optimal conditions found were the addition of tetraoctylammonium bromide and ligand 2 to the small thiol-protected spin-labelled Au nanoparticles 3 followed by heat treatment in the solid state at 130 ºC for 1 h under nitrogen atmosphere (see reaction 1.3). Previously, the stability of the starting material (nanoparticles 3)
was tested by heating a small amount to 130 ºC for 50 min under inert atmosphere. The EPR spectrum confirmed its stability showing the same spectrum shape and intensity before and after the heat treatment. The heat-treated nanoparticles 3T were washed with methanol and purified by gel permeation chromatography.
Interestingly, the solution EPR spectrum of gold NP 3T at room temperature showed a spectral pattern dominated by a single, intense broad line with peak-to-peak linewidth ca. 16.5 G ( Figure   1c ). This change in the shape of the spectra is due to dipole-dipole and exchange interactions between adjacent radicals adsorbed on the same nanoparticle and the decrease in the corresponding radius of curvature; this implies that the spin label coverage of the nanoparticles has dramatically increased. The UV-Vis spectrum of nanoparticles 3T (Figure 1d ) showed a surface plasmon (SP) peak at ca. 525 nm, much more pronounced than in nanoparticles 3 before the heat treatment ( Figure   1b ). The increased intensity of the SP band, without an apparent shift in energy, is indicative of an increase in core size. 23, 40 In fact, as determined by TEM microscopy, these gold nanoparticles had a diameter of 5.6 ± 0.9 nm (Figure 2) . Thus, the heat treatment resulted in the nanoparticles size increase by a factor of 2.8 (from  2 to 5.6 nm), as well as spin label coverage. The electron diffraction of this sample (Figure 2d) showed the characteristic pattern of face-centred cubic In this case, due to the high lability of the phosphine ligands as compared to thiols, 26, 28 it was expected that more triphenylphoshine ligands would be replaced by the disulfide ligand. In fact, the solution EPR spectrum of nanoparticles 5 ( Figure 3a) showed a broad line overlapping three narrower lines, indicating that spin-labeled nanoparticles with intermediate-high coverage were formed. The UV-Vis spectrum (Figure 3b ) showed no visible plasmon resonance peak, indicative of gold nanoparticles with < 2 nm in diameter. 42 In fact, as determined by TEM microscopy, these gold nanoparticles had a diameter of 1.4 ± 0.3 nm (see the Supporting Information).
In order to increase the size and spin label coverage of nanoparticles 5, we followed the same strategy as before, e.g., heat treatment in the solid state (see reaction 1.6).
The solution EPR spectrum of the heat-treated nanoparticles 5T at room temperature showed a spectral pattern dominated by a single broad line with a line width of ca. 13.5 G (Figure 3c ). This change in the spectrum shape before and after the heat treatment (Figure 3a and 3c) indicates that the spin label coverage of the nanoparticles was substantially increased during the process. The UV-Vis spectrum of nanoparticles 5T showed a large surface plasmon peak at ca. 525 nm (Figure 3d ). This suggests that in this case, the heat treatment also produced larger nanoparticles.
However, the SP peak was less pronounced than in the heat-treated nanoparticles 3T (Figure 1d ).
A representative TEM (Figure 4 ) showed homogeneous and well dispersed gold nanoparticles with a diameter of 3.2  0.7 nm. EDX spectrum confirmed the presence of the two types of ligands in the NPs: thiol-TEMPO derivative and phosphine-(see the Supporting Information). Preparation of tri-n-octylamine-protected gold nanoparticles with high coverage of TEMPO-modified ligand by a single-step procedure. Apart from using thiols and phosphines, we tried amines as sacrificial stabilizing ligands for Au nanoparticles, as they are weakly bound and prone to exchange. We also aimed to develop a shorter method than the three-step procedure described above (e.g., generation of thiol-or phosphine-protected Au NPs, ligand exchange reaction and heat treatment). With these considerations in mind, the best sacrificial amine for our purpose was tri-n-octylamine and the optimised protocol was as follows: the tri-n-octylamine stabilized gold nanoparticles were prepared following a one-phase procedure, 35 then, after a reduction with NaBH 4 , spin label 2 was added to the same reaction flask (reaction 1.7). Finally, the reaction was let stirring at room temperature overnight and the nanoparticles were precipitated with methanol and purified by gel permeation chromatography.
Interestingly, the solution EPR spectrum of the obtained nanoparticles 6 (Figure 5a ) showed a single broad line, with a linewidth of ca. 11.5 G. This is the narrowest linewidth obtained in all our experiments (e.g., the linewidth of the broad line was 16.5 and 13.5 G for nanoparticles 3T
and 5T, respectively, see Figure S1 in the SI). As the width of the broad line component in such spectra is sensitive to the density of the spin labels on the NP surface, 26 at high coverage of spin labels the broad line becomes narrower, which is similar to the exchange-narrowing effect observed in the EPR of solid samples. 43 The radical ensembles become larger, more compact and therefore more uniform. The one-pot procedure thus led to the nanoparticles 6 with the highest coverage of radicals as well as the tightest packing. Moreover, the very pronounced surface plasmon band observed by UV-Vis spectroscopy at ca. 530 nm (Figure 5b ) indicated that considerably larger nanoparticles were formed. In fact, TEM microscopy showed nanoparticles with a diameter of 6.7 ± 1.5 nm (Figures 5c-5e) , which was larger than that obtained with the thiol-and phosphine-protected nanoparticles after the heat treatment (5.6 and 3.2 nm for nanoparticles 3T and 5T, respectively). EDX spectrum confirmed the presence of sulphur and nitrogen atoms (see the Supporting Information).
It is worth mentioning that this method leads to spin-labeled Au NPs in a one-pot reaction.
Moreover, the obtained nanoparticles have both high coverage of spin labels and a relatively large size (with the corresponding decrease in the radius of curvature) 44 without the requirement for any further treatment. To the best of our knowledge, there is only one example of a one-pot synthesis of spin-labeled AuNPs in the literature. 10 However, in that case the nanoparticles were small (2 nm) and with low coverage of spin-labeled ligands in the AuNP surface, as evident from the 3-line EPR spectra obtained.
The successful synthesis of large NPs with high coverage of spin labels made it possible to study their magnetic interactions. The Thermogravimetric analyses (TGA) of NPs 3T, 5T and 6 showed that 27-40 % of the total mass of nanoparticles is organic coating. From these data and TEM analysis we can estimate the number of radicals by nanoparticle and the packing density, which are too high according to the literature data reported (see the Supporting Information). However, these results support those obtained by EPR. The shape of the EPR spectra is very sensitive to the radicalradical interactions and these are directly related with the packing density. Therefore, a qualitative but unequivocally way to distinguish the packing density is to use the EPR spectroscopy, 26 a powerful tool to study spin labeled Au NPs.
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Magnetic properties of the high coverage gold nanoparticles. Gold nanoparticles 3T, 5T
and 6 with high surface coverage of free radicals were studied in detail by EPR spectroscopy.
These systems are characterised by a random distribution of labels between particles and on the particles and hence even for systems with high average coverage there are some isolated nitroxides. This could affect magnetic properties, as not all nitroxides interact with each other.
However, the amount of these isolated nitroxides is very small and its contribution to the total spectra should be very small too, as we can see in the EPR shape of the spectra. A variabletemperature study was performed in the range 300 -140 K, observing some broadening of the spectral line of all these materials with the decreased temperature. The EPR spectra for nanoparticles 6 at 300 and 140 K are shown in Figure 6b (see Figures S2 and S3 for similar spectra of nanoparticles 3T and 5T). At 140 K, an m s  = 2 transition was observed at half-field resulting from the dipolar interactions 45 (see Figure 6a ). No m s  = 3 or other lower-field transitions could be observed. This is the first time that a forbidden transition was observed in the EPR spectra of spin-labeled nanoparticles. This forbidden transition gives direct evidence for the presence of a high-spin state in these systems and therefore makes it possible to study the nature of the magnetic coupling between spins. Magnetic interactions in a paramagnetic compound are conventionally studied by SQUID magnetometry. Unfortunately, such studies require large amount of sample, particularly if the spin density is relatively low as in the case of organic radicals. However, we can make a semiquantitative assessment of the magnetic interactions that take place in the nanoparticles by an EPR technique. The intensity of the forbidden EPR transition signal is proportional to the imaginary part of the magnetic susceptibility. 46 Therefore, the plot of I T vs. T (where I is the spectrum intensity of the m s  = 2 transition) shows the same habit of the curve as in the usual representation of  T vs. T as measured by SQUID. According to the shape of the curve obtained, we can estimate the type of predominant magnetic interactions in the sample.
The intensity of the m s  = 2 transition signal (I) was measured in the 4-80 K temperature region. The corresponding I T vs. T curve for nanoparticles 6 is shown in Figure 7 . We can observe a decrease of the I T value as the temperature decreases from 80 to 10 K. This behaviour is indicative of predominant antiferromagnetic interactions between the spin carriers. However, below 10 K, the trend changes abruptly, i.e. the I T value increases with decreased temperature.
This suggests that below this temperature, the interactions between the spin carriers could be predominantly ferromagnetic. The coexistence of dominant antiferromagnetic and weaker ferromagnetic interactions or vice versa has been observed in a few examples of purely organic radicals systems 47, 48 or metal-organic radical-based systems 49, 50 and in some inorganic compounds. Stability of the high-coverage spin-labelled gold nanoparticles. Gold nanoparticles 3T, 5T
51-56
and 6 with high coverage of TEMPO-based radical ligands were reanalyzed by EPR and TEM after 1 year of storage at -18ºC under argon atmosphere. EPR spectroscopy showed that spinlabeled ligands in all samples were quite stable because the spectral patterns were almost the same, always dominated by a broad line. Moreover, TEM microscopy did not show any change in the size core or distribution for all nanoparticles.
SUMMARY AND CONCLUSION
We have reported three different strategies for producing large Au nanoparticles with high coverage of a TEMPO-based ligand. Two methods followed a three-step procedure: preparation of gold nanoparticles, ligand-exchange reaction and a heat treatment in the solid state to enlarge the particles. A better protocol has been developed that makes it possible to obtain large nanoparticles with high spin label coverage in a single step and at room temperature, avoiding any heat treatment and with better results than in the three-step procedures. The nanoparticles thus prepared show an ms = 2 transition at half-field, which has never been observed in this kind of systems before and has allowed us to carry out an EPR study of the nature of the magnetic coupling between the spins. The study showed dominant antiferromagnetic interactions between radicals but at low temperatures a ferromagnetic contribution was observed. 
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